Introduction
Polysilanes are linear polymers with a backbone of catenated silicon atoms that are usually substituted with aryl and/or alkyl groups [1] . Polysilanes display electronic delocalization within the σ-bonded framework of the Si-Si backbone as a consequence of sp 3 orbital interactions between Si atoms (the smaller dimensions of the hybrid orbitals of the carbon atoms preclude this delocalization in analogous unsaturated C-C polymer backbones). This electron delocalization plays a large part in determining the properties of polysilanes, in particular the spectroscopic, and electroactive properties. As a consequence they have potential applications as semiconducting [2] , photoconducting [3, 4] , electroluminescent [5, 6] , and nonlinear optical materials [7] . They have found applications as precursors to β-SiC fibres [8, 9] , as resists in microlithography [10, 11] , and as photoinitiators of radical polymerization [12] . However, their mechanical properties are relatively poor, adversely affecting their processability and limiting their exploitation. In order to exploit their properties, attempts have been made to combine polysilanes with organic polymers with complementary characteristics in order to optimise mechanical properties. Whilst many structural properties can be optimised through the incorporation of two or more polymer components in a copolymer structure, block copolymers are also being increasingly studied as self-organising and selfassembling materials. The microphase separation of block copolymers gives a wide range of 3-dimensional morphologies in the bulk state [13] and the self-2 assembly of block copolymers in different liquid media give a variety of aggregate structures such as vesicles [14] , micelles [15] , and micellar fibres [16] . A number of applications have been demonstrated for block copolymer aggregate structures including their use as encapsulants for drug delivery [17] and templates for colloid synthesis [18] . It has been demonstrated, that the self-assembly and/or selforganisation of block copolymers might be used for the imposition of increased order to fine-tune the performance of conjugated polymers and facilitate the preparation of nano-scale devices [19] . Polysilanes as σ-conjugated polymers are therefore ideal targets for investigation as self-organizing and assembling block copolymer systems. Polysilanes are rod-like, they have semi-rigid, segmented backbones that ensue from their σ -conjugated chains and helical conformations [20, 21] . Thus, they offer a significant potential for self-alignment that tends to be similar to that for π-conjugated carbon based block copolymers. They also offer the possibility of bringing to block copolymer structures the characteristic properties that result from their σ-conjugation and, hence, access to new structureproperty combinations through self-organization in bulk or self-assembly through aggregation. This paper will review the methodologies that have been developed for the synthesis of polysilane block copolymers, the resultant morphologies in thin films and their self-assembly in solution, and highlight some of their more interesting properties and applications.
Synthesis

Synthesis of Polysilane Blocks
Most but not all strategies for the synthesis of block copolymers based on polysilanes require pre-syntheses of the polysilanes that will comprise the blocks. Thereafter, the other copolymer component blocks are attached to the polysilane (a 3 polymer coupling approach) or else grown from its appropriately functionalized chain ends (a living polymerization approach). There are four known procedures for the synthesis of polysilanes (Figure 1 ), the Wurtz-type reductive-coupling of dichloroorganosilanes [22] (Reaction 1), the ring-opening of cyclosilanes [23] (Reaction 2), the anionic polymerization of 'masked' disilenes [24] (Reaction 3) and the catalytic dehydrogenation of primary silanes [25] (Reaction 4). For detailed descriptions of these procedures the reader is referred to recent reviews [26] .
Of these approaches the catalytic dehydrogenation has yet found no application in the synthesis of block copolymers. This is principally because high molecular weight polysilanes are only obtained from the dehydrocoupling of tertiary organosilanes and the resultant polymers possess no discrete end-group functionalities for subsequent polymer coupling or polymerization initiation.
Both the anionic polymerization of masked disilenes and the ring-opening polymerization are living polymerizations under the appropriate conditions and hence after full monomer conversion they retain silyl anion end-functions suitable for block copolymer synthesis. Both of these polymerizations can give quantitative yields of polysilane with narrow molecular weight distributions and molecular weight parameters controlled by the ratio of monomer to initiator. However in both cases the monomers require careful and time-consuming multi-step syntheses. In contrast the Wurtz-reductive coupling polymerization under the appropriate conditions, can give polysilanes in high yields utilizing commercially available monomers and reagents [27] . Furthermore the end-groups are predominantly Si-Cl bonds which are ideal for subsequent use in block copolymer syntheses. The principal disadvantage of the Wurtz-reductive coupling polymerization is that whilst it can be controlled to give monomodal samples, it gives polysilanes with high polydispersities (typically 1.5-2 under optimum conditions) with yields no higher than 50-80% under optimum conditions. 
Synthesis of Polysilane Block Copolymers
Polymer Coupling Reactions
The use of polysilanes as photoinitiators of radical polymerization was one of the first means whereby they were incorporated within block copolymer structures
[28], albeit in an uncontrolled fashion. However the resulting block copolymer structures were poorly defined and interest in them principally lay in their application as compatibilisers for polystyrene (PS) and polymethylphenylsilane blends PMPS. The earliest synthetic strategies for relatively well-defined copolymers based on polysilanes exploited the condensation of the chain ends of polysilanes prepared by Wurtz-type syntheses with those of a second prepolymer that was to constitute the other component block. Typically, a mixture of AB and ABA block copolymers in which the A block was polystyrene (PS) and the B block was polymethylphenylsilane (PMPS) was prepared by reaction of anionically active chains ends of polystyrene (e.g. polystyryl lithium) with Si-X (X = Br, Cl) chain ends of α,ω-dihalo-polymethylphenylsilane [28] an example of which is shown in Figure 2 [29, 30] . Similar strategies were subsequently used to prepare an AB/ABA copolymer mixture in which the A block was poly(methyl methacrylate) (PMMA) [31] and also a multi-block copolymer of PMPS and polyisoprene (PI) [32] .
A particularly interesting block copolymer made by the coupling approach was a multi-block copolymer of PMPS and poly(ethylene oxide) (PEO). This was prepared by reacting the Si-X chain ends of PMPS with the hydroxyl chain ends of well-defined commercial sample of poly(ethylene glycol) [32] (Figure 3 ). Although the former had a normal molecular weight distribution, the latter was of a uniform distribution. As determined by size exclusion chromatography, the resul-5 tant copolymer consisted of all the (AB) n and (AB) n A structures from PMPS-PEO through to (PMPS-PEO) 16 .
Living Polymerizations
The polymer coupling approach to block copolymer synthesis is seriously disadvantaged by the need to ensure stoichiometric equivalence of the reactive functional groups. These are in low concentration relative to the main chain units of the polymer chains and they are usually sensitive to trace impurities, particularly
water (e.g. Si-Cl rapidly converts to Si-OH, Si -rapidly converts to Si-H) Hence obtaining stoichiometric equivalents of the chain ends is extremely difficult and leads to poor reproducibility without scrupulous care using high vacuum line procedures. In contrast, the living polymerization approach either (i) uses the reactive chain end of a preformed polysilane to initiate polymerization of a vinyl monomer; (ii) uses the reactive chain end of a preformed polysilane to functionalize the chain with a suitable initiator for a subsequent living polymerization; (iii) a polymeric carbanion (e.g. polystyryl lithium) is used to initiate the polymerization of the silane monomer. The resulting block copolymer structures are usually more defined than those prepared by polymer coupling and copolymers based on polysilanes with both AB and ABA structures have been synthesized these ways.
The first such living polymerization syntheses were achieved using the living silyl-anionic chain ends on poly(1,1-dihexyl-2,2-dimethylsilane) and poly(1-butyl-1,2,2-trimethylsilane), prepared using the masked disilene procedure [24] , to initiate the polymerization of methyl methacrylate, trimethylsilyl methacrylate and 2-(trimethylsilyloxy) ethyl methacrylate [33] [34] [35] (Figure 4a) . A further example of the synthetic utility of this approach came with the synthesis of poly(1,1-dimethyl-2,2-dihexyldisilene)-b-poly(triphenylmethyl methacrylate) (PMHS-b-PTrMA) [60] . The PTrMA block was synthesized in the presence of (-)-sparteine which induced the adoption of a helical conformation in the methacrylate block, i.e. a chiral one-handed helical chain. When the temperature was reduced to -20ºC the poly- Over the past 10 years the advent of controlled radical polymerization has resulted in an explosion of interest in the synthesis of block copolymer systems that were hitherto inaccessible [37] . The most commonly used methods of controlled radical polymerization of vinyl monomers are nitroxyl mediated (e.g. TEMPO), reversible addition fragmentation (RAFT) and atom transfer radical polymerization (ATRP)
[38]. Both TEMPO and ATRP based syntheses of polysilane block copolymers have been reported. Poly(styrene-block-methylphenylsilane-block-styrene) has been synthesized by a TEMPO-mediated polymerization from an end functionalized PMPS macromolecular initiator ( Figure 5 ) [39] . The first inorganic-organic hybrid copolymer system synthesized via ATRP was that of polystyrene grafts grown from a bromomethylated PMPS sample [40] . A more generally useful approach has been the end-functionalization of PMPS with an active ester alkyl halide 2-bromo-2-methyl propanoate followed by its application in the copper catalyzed ATRP of methyl methacrylate, hydroxyethyl methacrylate and oligo(ethylene glycol methyl ether methacrylate) ( Figure 6 ) [41, 42] ., In these cases the precursor α,ω-dihaloPMPS was of a broad polydispersity (typically 1.6-2.1) which was reacted with hydroxyethyl 2-bromo-2-methylpropanoate to give end- 
Self-Assembly and Self-Organization of Polysilane Block Copolymers
Self-Organization in Thin Films
The ability of copolymers consisting of chemically distinct polymeric segments to undergo microphase separation as a result of enthalpically driven segregation has led to a remarkable range of nanostructured morphologies being catalogued and studied [43] . Consequently, such materials have been the subject of intense study for over ten years [44] . Block copolymer thin films show many of the morpholo- [32] .They were characterized using both AFM and neutron scattering [49] and despite relatively high polydispersities in both component blocks (respectively 1.64 and 1.34 for PMPS and PI), a regular modulated morphology was observed with average domain repeat units of 18.8 and 18.6 nm at the surface and in the bulk respectively ( Figure 10 ). The regularity was further shown to be entirely consistent with the extended lamella-like structure shown in Figure 11 rather than the thermodynamically less-favored structure within which the chains fold and reverse direction at the coiled PI segments.
The PMMA-b-PMPS-b-PMMA triblock copolymers prepared by the macroinitiator approach using ATRP [39] were only characterized using differential scanning calorimetry. The glass transition temperature (T g ) of PMPS is usually difficult to observe but within the copolymers it was clearly evident at 125-130 °C. The T g s 9 of the PMMA blocks increased with block length in a manner consistent with the variation with chain length for homopolymers of PMMA and were also clearly visible by DSC. The presence of two T g s provides strong evidence for microphase separation of the blocks.
Films of the POEGMA-b-PMPS-b-POEGMA series of copolymers synthesized by ATRP [42] were cast on glass, silicon, silver, and gold substrates and were investigated by a number of techniques [47] . The water contact angles at the surfaces of the block copolymers were observed to be directly related to the nature of the underlying substrate; e.g. hydrophilic glass substrate gave a low contact angle (~35º) and a hydrophobic gold substrate gave a relatively high contact angle (~90º) (see When these patterned films were subjected to the mineral film formation process, CaCO 3 was deposited both on the polymer lanes and on the areas from which the polymer had been removed. However, when the mineral was deposited onto a preexposed but undeveloped polymer film, the CaCO 3 layer grown on the irradiated lanes could be selectively removed upon immersion of the film into ethanol, resulting in the formation of a patterned CaCO 3 film (Figure 18 ).The non-patterned CaCO 3 films could be observed to crystallize within 1 hr by optical microscopy.
However the patterned films stayed amorphous for 2-3 hours under ambient conditions and were only completely crystalline after 24 hrs, which is probably due to 
Self-Assembly of Polysilane Block Copolymers in Solution
The first self-assembling block copolymers were PS-b-PMPS-b-PS synthesised by Matyjaszewski and Möller. They observed micellar aggregates by AFM after casting dilute dioxane solutions ( a solvent selective for the PS block) of the copolymer. The observed micelles were taken to have internal PMPS cores and were measured at 25-30nm in diameter [48] . The first self-assembling amphiphilic polysilane block copolymers to be investigated was the PMPS-PEO multi-block copolymer with normal distribution PMPS blocks and uniform low polydispersity (Figure 21 ). The helicity of the aggregates was attributed to the known helical conformation of the polysilane segments [20, 21] arising form the close-packing of helical segments of the same screw-sense. 
